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Abstract 
Ballistic requirements in the design of military aerospace components are critical for the structural assessment. 
Although experimental tests remain fundamental, numerical analyses allow us to simulate such a very complex 
scenario. However, in order to improve the consistency of such simulations, several aspects have to be considered in 
detail. The material behavior is a key one: constitutive laws, able to describe the material behavior in terms of 
hardening, strain rate, damage criteria, temperature, etc…, is fundamental. Moreover a detailed validation of 
numerical results is needed. The analysis of ballistic data (such as the residual velocity and the direction of the bullet 
after the impact) is only one option, but reliable simulations of damage shape and size are the real target. Therefore 
the paper will focus on the comparison between the experimental damage and the simulated one using a 3D 
acquisition of the experimental impacted area. This approach allows us not only to evaluate the damage in the 
macroscale field but also in the near micro-scale: shape on the border of the damage.  
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1. Introduction 
In this paper a new comparison method for the assessment of numerical simulations vs. experimental 
tests of ballistic impact is presented. In particular the phenomenon under consideration is the normal 
impact of a NATO 7.62 mm ball bullet against an AL-6061-T6 shaft, simulating a helicopter transmission 
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shaft. This condition was previously tested during an experimental campaign [1].As far as concern the 
numerical models, advanced material constitutive equations and fracture locus were calibrated [2] and 
included into the model of the impacted shaft. Projectile was instead modelled as a rigid body. Due to the 
importance to numerically reproduce as better as possible the damage shapes and dimensions, in particular 
in the micro scale range, a dedicated method with the use of reverse engineering (RE) was designed to 
measure the capability of the numerical models. After the ballistic tests, in fact, 3D acquisitions of the 
impacted area of the shafts have been performed in order to acquire exactly the shape of the damage with 
a 3D range camera. Through data elaboration both of the numerical simulations and 3D experimental 
acquisition, the comparison can be performed directly, in the same framework. 
Nomenclature 
İf Strain at failure 
İp Plastic Strain  
İ•p Plastic Strain Rate  
İ•0 Reference JC Strain Rate 
ıh Hydrostatic Stress 
ıvm Von Mises Stress 
Ș Triaxiality  
Ta Room Temperature in °K 
Tf Melting Temperature in °K 
2. Experimental tests 
Several tests with different impact conditions have been performed [1], however only the results of the 
specimen used for the comparison with the numerical simulation are now reported. In the test under 
consideration the bullet has been shot exactly on the longitudinal shaft axis (therefore in the center on the 
pipe section) and with a trajectory normal to it, Figure 1 a); a gas gun placed at 14.2 m from the target has 
been used.Test specimen is an aluminum AL-6061-T6, 1.65 mm thick, pipe with a diameter of 63.5 mm, 
provided with flanges and specifically designed supports, which help to place it in the correct position in 
the shooting range. The projectiles used are NATO 7.62 mm Ball, Full Metal Jacket bullets with a Lead 
alloy Core and a Brass Jacket. Figure 1(b). 
Fig. 1. (a) Impact condition, (b) NATO 7.62 Ball, (c) Inlet and (d) Outlet holes . 
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The bullet pass through the pipe completely generating an inlet and an outlet hole, Figure 1 (c) and 
(d),which are not exactly circular; in addiction they and are not perfectly aligned with the longitudinal 
axis of the shaft. This indicates that the real bullet trajectory and impact angle differs from the nominal 
one. The further analysis presented in the text will better explain the subjects.  
3. Reverse Engineering Analysis 
In order to match the numerical and experimental results, the methodology first used in [3], has been 
applied and developed by considering the damage shape. Some simplifications have been defined: 
• As 3D holes boundary presents many different examples of petaling, boundaries have been simplified 
considering its cylindrical projection on the shaft, allowing us to consider a 3D simplified damage 
shaft as element of the analysis.     
• As reference for the damage, Centroid of the damaged area and its 3D position have been identified, 
considering the impact laying on the direction identified by the two points.  
In order to avoid any modification on the shaft, and particularly on the petaling area, we used a non-
contact acquisition system, consisting of the 3Dtriangulation laser scanner Minolta® Vivid VI-9i.Set-up 
characteristics have been chosen to keep measurements into the standard instrument field and to 
guarantee laser acquisition accuracy, Table 1. 
Table 1.Acquisition Set up characteristics. 
Characteristic Value Characteristic Value 
Focal Distance f 25 mm (TELE; for hole details) xy Resolution 0.30 mm 
DoF 600 mm (±10 mm) Final mesh point spacing 0.55 mm 
Scans have been aligned by using the software Geomagic Studio 11, with a standard deviation of 0.1 
mm. The Scan model is analyzed into a CAD software (ThinkDesign2009) to calculate the projectile 
trajectory, supposed to be linear, and its deviation from the nominal one, equal to d = 4.75 mm, Figure2. 
Fig. 2.Procedure to calculate projectile trajectory and deviation. 
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4. Numerical Simulations 
Numerical simulations have been carried out using ABAQUS\Explicit. Brick solid elements with 
reduced integration and default hourglass control have been used for the impact area mesh, of dimensions 
0.5x0.5x0.41 mm. For the constrain of the shaft, the displacements of the nodes in all three directions are 
blocked at on end. At the other termination, only two translations are blocked, leaving the other, direct as 
the shaft’s axis, free.  
The Projectile has been modeled as a rigid body. An initial velocity of 850 m/s and a spin of 78.5 rad/s 
have been assigned together with inertial bullet properties, Table 2. Following the results obtained with 
RE, bullet model has been moved of 4.75 mm horizontally, to represent the shift of the projectile from the 
ideal trajectory. 
Table 2.Main geometric properties. 
Characteristic Value Characteristic Value 
Shaft external diameter [mm] 63.5 Projectile Mass [g] 9.5 
Shaft thickness [mm] 1.65 Projectile Ixxand Izz[Kg mm2] 4.30e-7 
Shaft length [mm] 700 Projectile Iyy [Kg mm2] 5.99e-8 
In order to introduce the interaction between the projectile and the shaft, a General Contact has been 
defined. However, due to element deletion leads to a continuous change of the surfaces of interaction, the 
option interior has been used. All the elements included in the set with this option participate to the 
contact, so elements compenetration is avoided. Element Deletion and Nodal Erosion have been 
activated.  Moreover, an ALE mesh has been defined on a domain which considers only projectile and 
shaft impact area elements with frequency and sweep respectively equal to 15 and 1. Shaft material is AL-
6061-T6. It has been modeled with a constitutive relation and a fracture locus appositely calibrated. The 
constitutive relation chosen is of Johnson Cook  (JC) type [4], expressed by Equation 1. Constants used 
are shown in Table 3. Temperature influence wasn’t taken into account. It was calibrated throw a series of 
tensile tests;  
ı = [A+B(İp)n][1+Cln(İ•p/İ•0)][1+(T-Ta)/(Tf-Ta)m]                                                                          (1) 
Table 3.JC constitutive equation constants. 
A [MPa] B [MPa] C n İ•0  [s-1] m 
270 154.3 0.027 0.2215 1 Not used 
The fracture criterion adopted was of the Bao-Wierzbicki (BW) type [5]. This model expresses the 
trend of İf for the whole field of possible Ș. It has been calibrated throw an experimental campaign 
composed of pure tensile, pure torsion, pure compression, torsion/compression, torsion/tensile tests [2]. 
The dependence from the strain rate and from the temperature weren’t taken into account. Table 4 shows 
the analytic function obtained to describe the curve. 
 Although the introduction in the numerical model of the shift, the different shapes of the numerical 
holes, both inlet and outlet, from the real ones immediately emerges, Figure 3. 
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Table 4. BW fracture locus analytic functions adopted. 
TriaxialityȘ (ıh/ıvm) Equation Coefficients 
Ș< 0 İf = A / (Ș + 1/3) -3A+İftp A = 0.428; İftp = 0.474 
0 < Ș < 0.0223 İf = m Ș + q m = 20.85; q = 0.474 
0.0223 < Ș < 0.0626 İf = mȘ + q m = -5.43; q = 1.06 
0.0626 < Ș < 0.37 İf = m Ș + q m = -0.848; q = 0.774 
Ș > 0.37 İf = A/ Ș A = 0.17 
Fig. 3. (a) Shift from the ideal trajectory, (b) Inlet hole with shaft axis in yellow, (c) Outlet hole with shaft axis in yellow. 
5. Numerical-Experimental comparison 
To ensure consistency of assessment between the experimental and numerical tests as well as a greater 
degree of details in the micro scale level, RE techniques were used again. With the aim to describe in a 
detailed way extension and shape of the damage, the coordinates of both RE and numerical analysis were 
elaborated with a Matlab® file. This program moves to curvilinear coordinates and computes hole’s area 
and Centroid, Figure 4 (c). Subsequently the program matches the two centroids, of scan and FEM 
analysis, of both inlet and outlet holes, to calculate the distance of these points from the perimeter at some 
defined inclinations, Table 5. Moreover, to have also a qualitative idea of the shape of the damages, a 
comparison and overlay of the FEM and of the RE scan 3D has been reported in Figure 4 (a) and (b). 
From the comparison emerges a substantial difference in the shape of the holes, probably imputable to the 
not null impact angles of the bullet, which haven’t been considered yet. 
Table 5. Radial distances and areas in mm and mm2 . 
Holes 0° 45° 90° 135° 180° 225° 270° 315° Area  
IN - Scan 5.96 4.62 4.33 5.42 4.97 4.32 3.87 4.47 71.85 
IN - FEM 3.47 3.19 3.53 4.29 4.04 4.59 3.89 3.87 47.07 
Err % 41.82 30.99 18.38 20.85 18.58 -6.38 -0.50 13.33 34.50 
OUT - Scan 4.64 5.81 5.39 4.34 4.93 6.36 5.35 4.19 81.97 
OUT - FEM 4.60 4.71 4.83 4.57 4.29 4.52 4.74 4.71 66.87 
Err % 1.06 18.94 10.49 -5.43 13.00 28.98 11.44 -12.60 18.42 
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Fig. 4. (a)RE Scan digital model,(b) FE digital model,(c)Matlab@ elaborations with overlay. 
6. Conclusions 
A new method to evaluate and compare numerical results (FE) with experimental data from ballistic 
test has been presented in this paper. This new method, based on RE techniques, allows visual and 
quantitative evaluation both in the macroscale field (area) and in the near micro-scale (shape on the 
border of the damage). At present significant differences between FE analysis and experimental tests 
emerge from this study, especially concerning the damages’ shape. Real projectiles impact tests (carried 
on with a real gun machine) suffer variability due to uncertainty in the projectile motion, external ballistic 
phenomena, produced by aerodynamics effects. This instability is expressed through not null impact 
angles (not simulated) and a deviation (simulated) from the ideal trajectory and the comparison highlight 
clearly the importance of these two effects for a reliable numerical simulation. Therefore this approach 
will be used in further studies to investigate the importance of the impact angles and the effects they 
produce on the problem. 
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